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ABSTRACT
Plant-drug interactions mediated by cytochrome P450 (CYP450) enzymes are a critical area of study owing to their potential to alter drug metabolism, efficacy, and toxicity. This review examines how common phytochemicals such as flavonoids, polyphenols, alkaloids, and terpenes modulate CYP450 activity and influence drug pharmacokinetics. Key clinical implications include changes in drug effectiveness, increased adverse effects, and therapeutic failure, as illustrated by interactions such as St. John’s Wort with CYP3A4 substrates, grapefruit juice inhibiting CYP3A4, and garlic affecting anticoagulants. Challenges in research, such as the complexity of herbal products, variability in phytochemical content, and genetic differences in CYP450 expression have been addressed. This review also outlines management strategies, including patient education, therapeutic drug monitoring, and dosage adjustments. Future research directions should emphasize the need for advanced screening methods, predictive models, and personalized medicine to optimize therapeutic outcomes and ensure patient safety. This knowledge is vital for healthcare professionals to make informed decisions and researchers to develop innovative therapeutic approaches. Continued interdisciplinary collaboration is essential to advance understanding and improve clinical guidelines for the safe use of herbal products alongside conventional medications.
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Introduction
Plant-drug interactions have gained significant attention in recent years, owing to the increasing popularity of herbal supplements and alternative medicines (Kandel et al., 2024). These interactions can have profound effects on drug metabolism, potentially leading to altered therapeutic efficacy or increased toxicity  (Iacopetta et al., 2023).  One of the key mechanisms underlying plant-drug interactions is the modulation of cytochrome P450 (CYP450) enzymes, a family of proteins responsible for the metabolism of numerous drugs and xenobiotics (Bathaei et al., 2024) . Understanding the impact of plant compounds on CYP450 activity is crucial for predicting and preventing adverse drug reactions, optimizing therapeutic outcomes, and ensuring patient safety (Hossam Abdelmonem et al., 2024) . The CYP450 system plays a central role in the biotransformation of both endogenous and exogenous substances, including pharmaceuticals, environmental toxins, and dietary components (Kandel et al., 2024) . These enzymes are primarily located in the liver but are also found in other tissues, such as the intestines, lungs, and kidneys (Durairaj & Liu, 2025) . The modulation of CYP450 enzymes by plant compounds can occur through various mechanisms, including the induction, inhibition, or alteration of enzyme expression. Such modulation can lead to changes in drug pharmacokinetics, potentially resulting in reduced drug efficacy or increased toxicity (Iacopetta et al., 2023) . For example, St. John's Wort, a popular herbal remedy for depression, induces CYP3A4, leading to decreased plasma concentrations of various drugs metabolized by this enzyme, including oral contraceptives and certain antiretroviral medications (Wanwimolruk & Prachayasittikul, 2014) . Conversely, grapefruit juice is a potent inhibitor of CYP3A4, which can result in the increased bioavailability and potential toxicity of drugs metabolized by this enzyme (Uno & Yasui-Furukori, 2006) . The complexity of plant-drug interactions is further compounded by the fact that many herbal products contain multiple active compounds, each with the potential to affect different CYP450 isoforms (Zaroug et al., 2023) . Additionally, Genetic changes in CYP450 genes can change how someone responds to combining plants and medicines. This underlines the need for personalized medical care. (Bathaei et al., 2024) . Given the widespread use of herbal supplements and their potential for clinically significant interactions, healthcare professionals must be aware of the impact of plant compounds on CYP450 activity (Zaroug et al., 2023) . This knowledge is essential for making informed decisions regarding drug therapy, particularly for patients using multiple medications or herbal products. Furthermore, understanding CYP450 modulation by plant compounds can aid in the development of novel therapeutic strategies, such as using natural products as adjuvants to enhance drug bioavailability or as alternatives to synthetic drugs (Bathaei et al., 2024)  (Smith et al., 2024) . Research in this field continues to expand, with ongoing efforts to identify and characterize plant-drug interactions, develop standardized methods for assessing CYP450 modulation, and establish guidelines for the safe use of herbal products in conjunction with conventional medications (Wang et al., 2022) . Having established the importance of understanding plant-drug interactions, we will now explore the structure and function of cytochrome P450 enzymes, which play a crucial role in these interactions.


Cytochrome P450 Enzymes
Structure and function
Cytochrome P450 enzymes are a diverse group of heme-containing proteins found in various organisms including humans, plants, and microorganisms (Havrylyuk et al., 2024) . These enzymes play crucial roles in the metabolism of endogenous and exogenous compounds, including drugs, toxins, and hormones (Hossam Abdelmonem et al., 2024) . The structure of cytochrome P450 consists of a heme prosthetic group bound to a single polypeptide chain. The heme group contains an iron atom that is essential for the catalytic activity (Hossam Abdelmonem et al., 2024)  (Kim et al., 2024) . The polypeptide chain forms a characteristic fold, with alpha-helices surrounding the heme group, creating a substrate-binding pocket. This pocket is highly variable among different P450 enzymes, allowing substrate specificity (Padayachee et al., 2023) . The primary function of cytochrome P450 enzymes is to catalyze oxidation reactions, typically involving the insertion of an oxygen atom into a substrate molecule. This process often results in the detoxification of xenobiotics or activation of prodrugs (Kumar et al., 2023) . The catalytic cycle of P450 enzymes involves the binding of molecular oxygen to heme iron, followed by electron transfer from NADPH to redox partner proteins. This leads to the formation of highly reactive iron-oxo species that are capable of oxidizing substrates (Iacopetta et al., 2023) . The versatility of cytochrome P450 enzymes makes them essential for drug metabolism, steroid hormone biosynthesis, and biotransformation of environmental pollutants (Kandel et al., 2024) .

Role in drug metabolism
Cytochrome P450 enzymes play a crucial role in drug metabolism, serving as the primary system for biotransformation of various xenobiotics, including pharmaceuticals, in the human body (Kim et al., 2024) . These heme-containing proteins are predominantly found in the liver, although they are also present in other tissues such as intestines, lungs, and kidneys (Kandel et al., 2024) . P450 enzymes catalyze oxidation reactions, which are essential for converting lipophilic compounds into hydrophilic metabolites that can be easily excreted from the body. This process is vital for drug clearance and can significantly affect the pharmacokinetics and pharmacodynamics of medications (Bathaei et al., 2024) . The CYP450 family comprises numerous isoforms, with CYP3A4, CYP2D6, CYP2C9, CYP2C19, and CYP1A2 being among the most important isoforms in drug metabolism. These enzymes exhibit genetic polymorphisms, leading to inter-individual variations in drug responses and potential drug-drug interactions (Hossam Abdelmonem et al., 2024) . Understanding the role of cytochrome P450 enzymes in drug metabolism is crucial for drug development, dosing strategies, and personalized medical approaches. Inhibition or induction of these enzymes can alter drug concentrations, potentially leading to therapeutic failure or toxicity (Zhang et al., 2024) . Consequently, pharmaceutical companies and regulatory agencies closely monitor the involvement of CYP450 enzymes in the metabolism of new drug candidates to predict potential drug interactions and optimize dosing regimens (Havrylyuk et al., 2024) .

Major CYP450 isoforms involved in drug interactions
Cytochrome P450 enzymes, also known as CYP450 enzymes, are a family of heme-containing proteins that play crucial roles in drug metabolism and interactions (Lee et al., 2024) . These enzymes are primarily located in the liver and intestines, where they catalyze the oxidation of various substances, including drugs, toxins, and endogenous compounds (Kandel et al., 2024) . The major CYP450 isoforms involved in drug interactions are CYP3A4, CYP2D6, CYP2C9, CYP2C19, and CYP1A2. CYP3A4 is the most abundant isoform responsible for metabolizing approximately 50% of all marketed drugs (Bathaei et al., 2024) . CYP2D6 is involved in the metabolism of many antidepressants, antipsychotics, and beta blockers (Lin, 2022) . CYP2C9 plays a significant role in the metabolism of warfarin, phenytoin, and several nonsteroidal anti-inflammatory drugs. CYP2C19 is important for the metabolism of proton pump inhibitors and antidepressants (Ibrahim et al., 2025) . CYP1A2 is involved in the metabolism of caffeine, theophylline, and certain antipsychotics. Understanding the specific CYP450 isoforms involved in drug metabolism is crucial for predicting potential drug-drug interactions and optimizing therapeutic outcomes (Wang et al., 2022) . Genetic polymorphisms in these enzymes can lead to variations in drug metabolism rates among individuals, thereby affecting drug efficacy and toxicity (Zhang et al., 2024) . The inhibition or induction of these enzymes by certain drugs or substances can also significantly impact the metabolism of other medications, potentially leading to adverse effects or reduced therapeutic efficacy (Smith et al., 2024)  (Lee et al., 2024) . Having outlined the crucial role and diversity of CYP450 enzymes in drug metabolism, it is imperative to delve into the specific phytochemicals that influence these enzymes, showcasing the depth of plant-drug interactions.

Common Phytochemicals Modulating CYP450
Flavonoids
Flavonoids are a diverse group of phytochemicals that are widely distributed in plants and known for their various biological activities, including modulation of cytochrome P450 (CYP450) enzymes (Kondža et al., 2024) . These polyphenolic compounds are found in fruits, vegetables, herbs, and beverages such as tea and wine. Flavonoids can interact with CYP450 enzymes through multiple mechanisms, such as competitive inhibition, mechanism-based inhibition, or induction (Singh & Verma, 2025) . The effects of flavonoids on CYP450 enzymes can be complex and depend on factors such as the specific flavonoid structure, concentration, and particular CYP450 isoform involved (Manikandan & Nagini, 2018) . Some flavonoids, such as quercetin and kaempferol, have been shown to inhibit various CYP450 isoforms, including CYP1A2, CYP2C9, and CYP3A4 (Zhang et al., 2021) . This inhibition can potentially lead to drug-herb interactions, altering the metabolism and bioavailability of certain medications (Kondža et al., 2024) . Conversely, other flavonoids, such as chrysin and tangeretin have been reported to induce CYP450 enzymes, potentially increasing the metabolism of certain drugs (Kandel et al., 2024) . The modulation of CYP450 enzymes by flavonoids can have both beneficial and adverse effects depending on the context (Bai et al., 2022) . For instance, the inhibition of certain CYP450 isoforms may enhance the bioavailability of some drugs, potentially improving their therapeutic efficacy. However, the same effect could also lead to increased toxicity or unwanted side effects (Zaroug et al., 2023) . Understanding the interactions between flavonoids and CYP450 enzymes is crucial for predicting potential drug-herb interactions and optimizing therapeutic outcomes in clinical practice.

Polyphenols
Polyphenols are a diverse group of plant-based compounds that are known for their antioxidant properties and potential health benefits. These phytochemicals are widely distributed in fruits, vegetables, herbs, and beverages, such as tea and wine (Zuo et al., 2022) . Polyphenols have been extensively studied for their ability to modulate cytochrome P450 (CYP450) enzymes, which play crucial roles in drug metabolism and detoxification processes in the human body (Iacopetta et al., 2023) . The interaction between polyphenols and CYP450 enzymes can lead to various effects, including inhibition or induction of enzyme activity, potentially altering the metabolism of drugs and other xenobiotics (Havrylyuk et al., 2024) . Some well-known polyphenols that have been shown to modulate CYP450 enzymes include flavonoids (e.g., quercetin, kaempferol, and catechins), phenolic acids (e.g., caffeic acid and chlorogenic acid), and stilbenes (e.g., resveratrol) (Rai et al., 2023) . These compounds can affect different CYP450 isoforms to varying degrees, with some exhibiting selective inhibition or induction of specific enzymes (Claushuis et al., 2021) . For instance, quercetin has been reported to inhibit CYP3A4, whereas resveratrol has shown both inhibitory and inductive effects on various CYP450 isoforms (Zaroug et al., 2023) . The modulation of CYP450 enzymes by polyphenols can have significant implications for drug-herb interactions, potentially affecting the efficacy and safety of medications when consumed concurrently with polyphenol-rich foods or supplements (Smith et al., 2024)  (Bathaei et al., 2024) . Understanding these interactions is essential for optimizing pharmacotherapy and mitigating the potential adverse effects.

Alkaloids
Alkaloids are a diverse group of naturally occurring organic compounds found in various plants that are known for their significant pharmacological effects and potential to modulate cytochrome P450 (CYP450) enzymes (Guengerich, 2024) . These nitrogen-containing compounds exhibit a wide range of structural variations and biological activities, making them important subjects of study for drug metabolism and interactions (Havrylyuk et al., 2024) . Many alkaloids have been shown to inhibit or induce different CYP450 isoforms, leading to potential drug-drug or herb-drug interactions (Zuo et al., 2022) . For instance, berberine, a common alkaloid found in plants, such as Berberis species, has been reported to inhibit CYP2D6 and CYP3A4, two crucial enzymes involved in drug metabolism. Similarly, piperine, an alkaloid present in black pepper, inhibits multiple CYP450 isoforms, including CYP1A2, CYP2C9, and CYP3A4 (Lin et al., 2024) . Other notable alkaloids with CYP450 modulating properties include nicotine, which can induce CYP2E1, and caffeine, which inhibits CYP1A2 (Wang et al., 2022) . The complex interactions between alkaloids and CYP450 enzymes highlight the importance of understanding these relationships in the context of drug development, herbal medicine, and potential therapeutic applications (Durairaj & Liu, 2025) . Researchers continue to investigate the mechanisms by which alkaloids influence CYP450 activity, aiming to harness their potential benefits, while mitigating the risks associated with drug interactions and metabolism (Rai et al., 2023) .

Terpenes
Terpenes are a diverse class of organic compounds found abundantly in plants, particularly essential oils (Ogu & Maxa, 2000) . These phytochemicals are known to modulate the activity of cytochrome P450 (CYP450) enzymes, which play crucial roles in drug metabolism and detoxification processes in the human body (Kandel et al., 2024) . Terpenes can interact with CYP450 enzymes in various ways, including inhibition, induction, or alteration of enzyme expression (Ndao & Adjallé, 2023) . Some common terpenes that have been shown to affect CYP450 activity include limonene, pinene, and carvone (Wang et al., 2022) . Limonene, found in citrus fruits, inhibits CYP2C9 and CYP2C19 enzymes, potentially affecting the metabolism of certain medications (Vassiliou et al., 2021) . Pinene, which is present in pine needles and some herbs, has demonstrated inhibitory effects on CYP3A4, a major enzyme involved in drug metabolism  (Goldwaser et al., 2022) . Carvone, found in caraway and spearmint, inhibits CYP2C9 and CYP2C19 (Rao Gajula et al., 2021) . The modulation of CYP450 enzymes by terpenes can lead to herb-drug interactions, altering the efficacy and safety profiles of medications (Ung et al., 2018)  (Lennep et al., 2024) . Understanding these interactions is crucial for healthcare professionals and researchers to optimize drug therapies and minimize their potential adverse effects. Further research is needed to elucidate the specific mechanisms of action and clinical relevance of terpene-CYP450 interactions as well as to identify other terpenes that may significantly impact drug metabolism. To fully understand the impact of phytochemicals on CYP450 enzymes, it is essential to understand the mechanisms through which this modulation occurs. We now explore these mechanisms in detail.

Mechanisms of CYP450 Modulation by Phytochemicals
Enzyme inhibition
Phytochemicals, which are naturally occurring compounds found in plants, can modulate the activity of cytochrome P450 (CYP450) enzymes through various mechanisms, with enzyme inhibition being a prominent mode of action (Shrivastava et al., 2025) . This inhibition can occur through direct interaction with the active site of the enzyme, competitive binding, or allosteric modulation (Deodhar et al., 2021)  (Zhang et al., 2024) . Competitive inhibition involves phytochemicals competing with the substrate for the enzyme's active site, thereby reducing the rate of substrate metabolism (Liu et al., 2017)  (Bulvas et al., 2024) . Non-competitive inhibition occurs when phytochemicals bind to a site distinct from the active site, altering the conformation of the enzyme and reducing its catalytic efficiency (Wei et al., 2024) . Some phytochemicals may act as mechanism-based inhibitors, forming covalent bonds with enzymes and causing irreversible inactivation (Manikandan & Nagini, 2018) . Certain compounds can also induce the production of reactive metabolites that bind to and inactivate the CYP450 enzymes. The potency and specificity of inhibition can vary among phytochemicals and CYP450 isoforms (Kamel et al., 2024) . Factors such as chemical structure, concentration, and metabolism of phytochemicals influence their inhibitory effects. Additionally, some phytochemicals may exhibit time-dependent inhibition and their inhibitory potency increases with prolonged exposure (Hakkola et al., 2020) . Understanding these mechanisms is crucial for predicting potential herb-drug interactions and developing novel therapeutic strategies. Modulation of CYP450 enzymes by phytochemicals can have significant implications for drug metabolism, potentially altering the efficacy and safety profiles of co-administered medications (Pathak et al., 2024) .

Enzyme induction
Phytochemicals, which are naturally occurring compounds found in plants, can significantly modulate the activity of cytochrome P450 (CYP450) enzymes through various mechanisms, including enzyme induction (an increase in enzyme activity and/or number) (Hossam Abdelmonem et al., 2024) . Enzyme induction is a process by which the expression and activity of CYP450 enzymes are increased, leading to the enhanced metabolism of drugs and other xenobiotics. This modulation occurs primarily through the activation of nuclear receptors such as the pregnane X receptor (PXR), constitutive androstane receptor (CAR), and aryl hydrocarbon receptor (AhR) (Dusek et al., 2025) . When activated by phytochemicals, these receptors translocate to the nucleus and bind to specific DNA response elements, thereby promoting the transcription of CYP450 genes. This results in increased enzyme production and enhanced metabolic capacity (Sayaf et al., 2021) . Common phytochemicals known to induce CYP450 enzymes include hyperforin from St. John's Wort, which potently activates PXR, leading to the increased expression of CYP3A4 (Yu et al., 2021) . Similarly, compounds such as indole-3-carbinol, found in cruciferous vegetables, can activate AhR and induce CYP1A1 and CYP1A2 (Tang et al., 2018) . The induction of CYP450 enzymes by phytochemicals can have significant implications for drug metabolism, potentially leading to the reduced efficacy of medications or altered toxicity profiles (Gao et al., 2024) . This interaction highlights the importance of considering dietary factors and herbal supplements in drug therapy and underscores the need for a comprehensive understanding of phytochemical-drug interactions in clinical practice (Brodzicka et al., 2024) . The extent of enzyme induction can vary depending on the specific phytochemical, its concentration, and duration of exposure. Some phytochemicals may exhibit dose-dependent effects, with higher concentrations leading to a more pronounced induction (Kim et al., 2024) . Additionally, the induction of CYP450 enzymes by phytochemicals can be tissue-specific, with different organs exhibiting varying degrees of enzyme upregulation. This complexity further emphasizes the need for a thorough investigation of phytochemical-mediated CYP450 modulation to ensure safe and effective drug therapies. (Stoddard et al., 2021) 

Alteration of gene expression
Phytochemicals can modulate CYP450 enzymes through various mechanisms including alterations in gene expression. This process involves the regulation of transcription factors that control CYP450 expression (Niu et al., 2022) . Key transcription factors include the aryl hydrocarbon receptor  (AhR), pregnane X receptor  (PXR), and constitutive androstane receptor  (CAR) (Yu et al., 2021) . Phytochemicals act as ligands for these receptors, leading to their activation or inhibition. Upon activation, these transcription factors translocate to the nucleus and bind to specific response elements in the promoter regions of CYP450 genes, thereby influencing their expression (Dusek et al., 2025) . For instance, some flavonoids have been shown to activate AhR, leading to the increased expression of CYP1A1 and CYP1A2. Conversely, certain phytochemicals can inhibit these transcription factors, resulting in decreased CYP450 expression (Ye et al., 2019) . Additionally, phytochemicals can affect gene expression through epigenetic mechanisms such as DNA methylation and histone modifications. These epigenetic changes can alter the accessibility of CYP450 gene promoters to transcription factors, thereby modulating their expression (Sindhu et al., 2024) . Furthermore, phytochemicals can influence post-transcriptional processes including mRNA stability and translation efficiency, which can affect the overall levels of CYP450 enzymes (Brooks et al., 2023) . The complex interplay between phytochemicals and gene expression mechanisms highlights the importance of understanding these interactions to predict potential drug-herb interactions and develop novel therapeutic strategies (Zuo et al., 2022) . The described mechanisms of CYP450 modulation lay the groundwork for understanding the complex clinical implications of plant-drug interactions, ranging from altered drug efficacy to increased adverse effects.

Clinical Implications of Plant-Drug Interactions
Altered drug efficacy
The clinical implications of plant-drug interactions, particularly altered drug efficacy, are a significant concern in modern healthcare. These interactions can lead to unexpected changes in drug effectiveness, potentially compromising patient safety and treatment outcomes (Poli et al., 2024) . When plants or herbal supplements are consumed alongside pharmaceutical medications, they may interfere with drug absorption, metabolism, or excretion, resulting in increased or decreased drug concentrations in the body. This alteration can lead to therapeutic failure if drug levels become too low, or toxic if they become too high (Meng & Liu, 2015) . For instance, St. John's Wort, a popular herbal remedy for depression, is known to induce liver enzymes responsible for drug metabolism, potentially reducing the efficacy of various medications including oral contraceptives and anticoagulants (Nahrstedt & Butterweck, 2010) . Conversely, grapefruit juice can inhibit drug-metabolizing enzymes, leading to increased drug concentrations and potential toxicity of certain medications (Nieminen et al., 2010) . Healthcare providers must be vigilant in assessing patients' use of herbal products and dietary supplements to anticipate and prevent potential interactions (Abo-Elghiet et al., 2025) . Patient education is crucial to ensure that individuals understand the risks associated with combining plant-based products and prescription medications (Bernardo & Valentão, 2024) . Comprehensive medication reviews, including both prescribed drugs and over-the-counter supplements, are essential for identifying potential interactions and adjusting treatment plans accordingly (Bernardo & Valentão, 2024) . As research in this field continues to evolve, ongoing education for healthcare professionals is necessary to stay informed about newly discovered plant-drug interactions and their clinical implications.

Increased risk of adverse effects
The clinical implications of plant-drug interactions, particularly the increased risk of adverse effects, are a significant concern in healthcare. When patients consume herbal supplements or botanical products alongside conventional medications, there is a potential for interactions that can alter drug efficacy or lead to unexpected side effects (Hassen et al., 2022) . These interactions can occur through various mechanisms such as changes in drug metabolism, absorption, and elimination. For instance, St. John's Wort, a popular herbal remedy for depression, can induce cytochrome P450 enzymes, potentially reducing the effectiveness of numerous medications including oral contraceptives and anticoagulants (Silva & Martins, 2022) . Ginkgo biloba, known for its cognitive-enhancing properties, may increase the risk of bleeding when administered with anticoagulants or antiplatelet drugs (Mai et al., 2025) . Grapefruit juice, but not a supplement, can inhibit drug-metabolizing enzymes, leading to increased blood levels of certain medications and a heightened risk of adverse effects (Mar et al., 2022) . Healthcare providers must be vigilant in obtaining comprehensive medication history, including herbal supplements, to identify potential interactions. Patient education is crucial to raising awareness about the risks associated with combining herbal products and prescription medications (Yeom & Cho, 2024) . Monitoring for unexpected side effects or changes in drug efficacy is essential when patients use conventional and herbal treatments. The complexity of plant-drug interactions underscores the need for continued research and improved clinical guidelines to ensure patient safety and optimal therapeutic outcomes (Chaachouay, 2025) .

Therapeutic failure
The clinical implications of plant-drug interactions can significantly impact therapeutic outcomes, potentially leading to treatment failure or adverse effects. Therapeutic failure occurs when a drug's intended effect is diminished or nullified owing to interactions with plant-based compounds (Jenča et al., 2024) . These interactions can alter drug metabolism, absorption, distribution, and excretion, ultimately affecting drug efficacy. For instance, St. John's Wort, a popular herbal supplement, is known to induce cytochrome P450 enzymes, which can accelerate the metabolism of various medications including oral contraceptives, anticoagulants, and antidepressants (Nicolussi et al., 2020) . This increased metabolism can result in sub-therapeutic drug levels, rendering the treatment ineffective. Similarly, grapefruit juice can inhibit CYP3A4 enzymes, leading to increased bioavailability of certain drugs and potentially causing toxicity (Zhao et al., 2021) . Patients taking warfarin may experience reduced anticoagulant effects when consuming large amounts of vitamin K-rich foods such as leafy greens, potentially increasing the risk of thrombosis (Talasaz et al., 2024) . Healthcare professionals must be vigilant in identifying potential plant-drug interactions, educating patients about risks, and adjusting treatment plans accordingly. A comprehensive medication history, including herbal supplements and dietary habits, is crucial for preventing therapeutic failure and ensuring optimal patient outcomes. Regular monitoring of drug levels, therapeutic responses, and potential side effects can help detect and manage plant-drug interactions effectively. To illustrate the real-world impact of plant-drug interactions(Table 1), let us examine some notable examples that highlight the importance of this field.

Table 1: Plant drug interaction
	Plant/Herb
	Drug Affected
	Interaction Effect
	Reference

	St. John’s Wort (Hypericum perforatum)
	Warfarin, SSRIs, oral contraceptives, cyclosporine
	Induces CYP3A4/P-gp → reduced drug levels; serotonin syndrome risk
	Henderson et al., 2002

	Ginkgo biloba
	Warfarin, aspirin, SSRIs
	Increased bleeding risk; possible serotonin syndrome
	kellermann et al., 2010

	Garlic (Allium sativum)
	Warfarin, saquinavir
	Antiplatelet effect → increased bleeding; reduced saquinavir levels
	Piscitelli et al., 2002

	Ginseng (Panax ginseng)
	Warfarin, antidiabetics
	Decreased INR; hypoglycemia risk
	Yuan et al., 2004

	Echinacea
	Immunosuppressants (e.g., cyclosporine)
	Alters CYP1A2/3A4 → reduced drug efficacy
	Gorski et al., 2004

	Kava (Piper methysticum)
	Benzodiazepines, alcohol
	Additive sedation; hepatotoxicity risk
	Teschke et at., 2011

	Licorice (Glycyrrhiza glabra)
	Digoxin, diuretics, corticosteroids
	Hypokalemia → increased digoxin toxicity; hypertension
	Omar et al., 2012

	Valerian (Valeriana officinalis)
	Benzodiazepines, alcohol
	Additive CNS depression
	Donovan et al., 2004

	Goldenseal (Hydrastis canadensis)
	CYP3A4 substrates (e.g., cyclosporine)
	Inhibits CYP3A4 → increased drug levels
	Gurley et al., 2008

	Cranberry (Vaccinium macrocarpon)
	Warfarin
	Possible increased INR (controversial)
	Paeng et al., 2007




Examples of Significant Plant-Drug Interactions
St. John's Wort and CYP3A4 substrates
St. John's Wort, a popular herbal supplement used for depression, is known for its significant interactions with various medications, particularly those metabolized by cytochrome P450 3A4 (CYP3A4) enzyme (Zahner et al., 2019) . This interaction is of great clinical importance because of the widespread use of St. John's Wort and numerous drugs that are CYP3A4 substrates. St. John's Wort induces CYP3A4, leading to increased metabolism and decreased plasma concentration of many drugs, potentially reducing their therapeutic efficacy (Nicolussi et al., 2020) . Some notable CYP3A4 substrates affected by St. John's Wort include oral contraceptives; anticoagulants such as warfarin; immunosuppressants such as cyclosporine and tacrolimus; HIV protease inhibitors; calcium channel blockers; and certain antidepressants (Spina et al., 2019) . For instance, St. John's Wort can significantly reduce the effectiveness of oral contraceptives, potentially leading to unintended pregnancy. In the case of immunosuppressants, this interaction can result in organ rejection in transplant patients. With anticoagulants, altered metabolism can lead to subtherapeutic anticoagulation and an increased risk of thrombosis (Otero et al., 2024) . Healthcare providers must be aware of these interactions and carefully monitor patients using St. John's Wort, especially when prescribing or adjusting the doses of CYP3A4 substrate medications (Nicolussi et al., 2020) . Patients should be educated about potential risks and advised to disclose any herbal supplement use to their healthcare providers. The mechanism of this interaction involves activation of the pregnane X receptor by hyperforin, a major active component of St. John's Wort, which leads to increased expression of CYP3A4 and P-glycoprotein. This induction can persist for up to two weeks after discontinuation of St. John's Wort, highlighting the importance of considering recent supplement use in medication management (El Hamdaoui et al., 2022) .

Grapefruit juice and CYP3A4 inhibition
Grapefruit juice is a well-known example of a significant plant-drug interaction, primarily due to its inhibition of the cytochrome P450 3A4 (CYP3A4) enzyme (Pirmohamed, 2013) . This interaction can lead to the increased bioavailability and potential toxicity of various medications metabolized by CYP3A4 (Hakkola et al., 2020) . Other notable plant-drug interactions include St. John's Wort, which can induce CYP3A4 and P-glycoprotein, potentially reducing the efficacy of numerous drugs, including oral contraceptives and anticoagulants (Zahner et al., 2019) . Garlic supplements may enhance the effects of anticoagulants and increase the risk of bleeding (Mai et al., 2025) . Ginkgo biloba can interact with antiplatelet drugs and anticoagulants, increasing the risk (Petersen et al., 2021) . Kava kava may potentiate the effects of benzodiazepines and other central nervous system depressants (Le et al., 2022) . Echinacea can alter the metabolism of caffeine and certain medications by affecting CYP1A2 activity (Wanwimolruk & Prachayasittikul, 2014) . Milk thistle may interact with drugs metabolized by CYP2C9, such as warfarin and oral hypoglycemic agents (Thu et al., 2015) . Valerian roots can enhance the sedative effects of barbiturates and benzodiazepines (Sahin et al., 2024) . The green tea extract may interfere with the absorption of iron supplements and certain medications. These interactions highlight the importance of considering potential plant-drug interactions in clinical practice and patient education to ensure safe and effective medication use (Takemura et al., 2024) .

Garlic and anticoagulants
Garlic (Allium sativum) is a widely used culinary herb and dietary supplement known for its potential health benefits, including cardiovascular protection and antimicrobial properties (Zugaro et al., 2023) . However, garlic can interact significantly with anticoagulant medications such as warfarin, leading to potential adverse effects (Saini et al., 2025) . The active compounds in garlic, particularly allicin and its derivatives, possess antiplatelet and fibrinolytic properties that enhance the blood-thinning effects of anticoagulants. This interaction may increase the risk of bleeding and bruising in patients taking both garlic supplements and anticoagulants drugs (Zugaro et al., 2023) . The mechanism of this interaction involves inhibition of platelet aggregation and alteration of the clotting cascade. The effects of garlic on cytochrome P450 enzymes, particularly CYP2C9, which is responsible for metabolizing warfarin, may also contribute to this interaction (Talasaz et al., 2024) . Patients on anticoagulant therapy should be cautioned about consuming large amounts of garlic or garlic supplements without consulting their healthcare provider (Morris et al., 2023) . Regular monitoring of the international normalized ratio (INR) and adjustment of anticoagulant dosage may be necessary for patients who choose to use garlic alongside their prescribed medications (Jafari et al., 2023) . Healthcare professionals should be aware of this potential interaction and educate patients about the risks associated with combining garlic with anticoagulants to ensure safe and effective anticoagulant therapy (Wang et al., 2020) .

Challenges in Studying Plant-Drug Interactions
Complex nature of herbal products
Studying plant-drug interactions presents numerous challenges, primarily because of the complex nature of herbal products (Talasaz et al., 2024) . Unlike conventional pharmaceuticals, herbal remedies often contain multiple active compounds, which makes it difficult to isolate and study individual components. Variability in plant composition, influenced by factors such as growing conditions, harvesting methods, and processing techniques, further complicates research efforts (Kmail, 2024) . Additionally, the lack of standardization in herbal product manufacturing and quality control poses significant obstacles for conducting reproducible studies (Sánchez-Gómez et al., 2024) . Researchers must contend with the potential for synergistic or antagonistic effects between different plant constituents as well as interactions with pharmaceutical drugs (Czigle et al., 2023) . The pharmacokinetics and pharmacodynamics of herbal compounds can be intricate and unpredictable and often vary among individuals due to genetic factors and lifestyle differences. Moreover, the long-term effects of herbal products and their potential interactions with medications are often poorly understood, necessitating extensive clinical and observational studies (Zaroug et al., 2023) . The limited regulatory oversight of herbal supplements in many countries further exacerbates these challenges, as the safety and efficacy of these products may not be thoroughly evaluated before they reach consumers (Stepanova et al., 2025) . Consequently, health care professionals face difficulties in providing evidence-based recommendations regarding the concurrent use of herbal products and conventional medications, potentially compromising patient safety and treatment efficacy (Bernardo & Valentão, 2024) .

Variability in phytochemical content
Studying plant-drug interactions presents numerous challenges, with variability in phytochemical content being a significant hurdle. Plants contain a complex array of bioactive compounds that can vary widely based on growing conditions, harvest time, storage methods, and processing techniques (Hazra & Singh, 2024) . This variability makes it difficult to standardize herbal preparations and ensure consistent results in research studies. Additionally, the concentrations of active compounds can differ between different parts of the same plant, further complicating the analysis (Ogwu et al., 2025) . Environmental factors, including soil composition, climate, and altitude, can significantly influence the phytochemical profile of plants, leading to inconsistencies in their therapeutic effects and potential interactions with pharmaceutical drugs (Barba-Ostria et al., 2025) . Genetic variation within plant species can also contribute to differences in phytochemical content, making it challenging to establish reliable dosage recommendations and predict potential drug interactions. Furthermore, the synergistic effects of multiple compounds within a plant can complicate our understanding of individual phytochemical interactions with drugs (Ajayi et al., 2023) . The lack of standardization in herbal product manufacturing and quality control adds another layer of complexity to the study of plant-drug interactions (Czigle et al., 2023) . Researchers must also contend with the limited availability of analytical methods capable of accurately identifying and quantifying the diverse range of phytochemicals present in plant materials (Frolova et al., 2025) . These challenges collectively underscore the need for rigorous scientific approaches and standardized methodologies in the study of plant-drug interactions to ensure the safe and effective use of herbal remedies alongside conventional medications.

Individual genetic differences in CYP450 expression
Studying plant-drug interactions presents numerous challenges, with variability in phytochemical content being a significant hurdle. Plants contain a complex array of bioactive compounds that can vary widely based on growing conditions, harvest time, storage methods, and processing techniques (Sarkar et al., 2024) . This variability makes it difficult to standardize herbal preparations and ensure consistent results in research studies. Additionally, the concentrations of active compounds can differ between different parts of the same plant, further complicating the analysis (Fiorentino et al., 2024) . Environmental factors, including soil composition, climate, and altitude, can significantly influence the phytochemical profile of plants, leading to inconsistencies in their therapeutic effects and potential interactions with pharmaceutical drugs (Barba-Ostria et al., 2025) . Genetic variation within plant species can also contribute to differences in phytochemical content, making it challenging to establish reliable dosage recommendations and predict potential drug interactions. Furthermore, the synergistic effects of multiple compounds within a plant can complicate our understanding of individual phytochemical interactions with drugs (Ajayi et al., 2023) . The lack of standardization in herbal product manufacturing and quality control adds another layer of complexity to the study of plant-drug interactions (Czigle et al., 2023) . Researchers must also contend with the limited availability of analytical methods capable of accurately identifying and quantifying the diverse range of phytochemicals present in plant materials. These challenges collectively underscore the need for rigorous scientific approaches and standardized methodologies in the study of plant-drug interactions to ensure the safe and effective use of herbal remedies alongside conventional medications (Chihomvu et al., 2024) . Individual genetic differences in CYP450 expression further complicate the study of plant-drug interactions. The cytochrome P450 enzyme system plays a crucial role in drug metabolism and variations in CYP450 genes can significantly affect how individuals respond to both pharmaceutical drugs and plant-based compounds (Galankin et al., 2025) . These genetic polymorphisms can lead to differences in drug efficacy, toxicity, and potential interactions with herbal remedies, making it challenging to predict outcomes across diverse populations (Zhang et al., 2024) . Despite these challenges, there are several strategies that healthcare professionals can employ to effectively manage plant-drug interactions.

Strategies for Managing Plant-Drug Interactions
Patient education
Effective management of plant-drug interactions requires comprehensive patient education as a key strategy (Stepanova et al., 2025) . Healthcare providers must inform patients about the potential risks associated with combining herbal supplements or botanical products with prescription medications (Ambrosioni et al., 2024) . This education should emphasize the importance of disclosing all dietary supplements, herbal remedies, and over-the-counter products to health care professionals. Patients need to understand that nature does not always mean safety and that plant-based products can significantly impact the efficacy and safety of their prescribed medications (Bernardo & Valentão, 2024) . Healthcare providers should explain common interactions, such as how St. John's Wort can reduce the effectiveness of certain antidepressants and how grapefruit juice can interfere with the metabolism of various drugs (Hazra et al., 2024) . Encouraging patients to maintain an up-to-date list of all substances they consume, including herbs and supplements, can facilitate better communication with healthcare providers (Zakaraya et al., 2024) . Patients should be advised to consult their healthcare provider or pharmacist before starting any new herbal products or supplements, especially if they are taking prescription medications (Abo-Elghiet et al., 2025) . Additionally, educating patients about reliable sources of information on plant-drug interactions and teaching them how to recognize potential adverse effects can empower them to make informed decisions about their health. Regular follow-ups and open communication channels between patients and healthcare providers are essential for the effective monitoring and management of potential interactions effectively (Seo et al., 2021) .

Therapeutic drug monitoring
Strategies for managing plant-drug interactions involve a comprehensive approach that combines patient education, careful monitoring, and evidence-based decision-making (Biso et al., 2024) . Therapeutic drug monitoring plays a crucial role in this process, allowing health care providers to assess the effectiveness and safety of medications in the presence of potential herbal interactions. This monitoring involves regular blood tests to measure drug concentrations and adjust dosages accordingly (Biso et al., 2024) . Healthcare professionals should conduct thorough medication reviews, including those of prescribed drugs and herbal supplements, to identify potential interactions. Patient education is essential, emphasizing the importance of disclosing all herbal products to healthcare providers (Bernardo & Valentão, 2024) . Clinicians should stay informed about common plant-drug interactions and consult reliable databases or specialists when necessary. In some cases, it may be advisable to temporarily discontinue herbal supplements during critical medication periods  (Stanojević-Ristić et al., 2022) . Implementing a standardized protocol for documenting and reporting adverse events related to plant-drug interactions can contribute to a growing body of knowledge in this field (Bernardo & Valentão, 2024) . Collaboration among healthcare providers, pharmacists, and herbal medicine practitioners can enhance the management of these interactions. Additionally, considering alternative treatment options or adjusting medication schedules may help mitigate the potential risks. Regular follow-ups and ongoing communication with patients are vital to ensure the effectiveness of the chosen management strategy and promptly address any emerging concerns promptly (Ahmed & Tamim, 2025) .

Dosage adjustments
Strategies for managing plant-drug interactions involve a comprehensive approach combining patient education, careful monitoring, and evidence-based decision-making (Huang et al., 2025) . Therapeutic drug monitoring plays a crucial role in allowing healthcare providers to assess medication effectiveness and safety in the presence of potential herbal interactions through regular blood tests to measure drug concentrations and adjust dosages accordingly (Yeom & Cho, 2024) . Healthcare professionals should conduct thorough medication reviews including both prescribed drugs and herbal supplements to identify potential interactions (Bernardo & Valentão, 2024) . Patient education is essential, emphasizing the importance of disclosing herbal products to healthcare providers. Clinicians should stay informed about common plant-drug interactions and consult reliable databases or specialists when necessary (Bernardo & Valentão, 2024) . In some cases, temporary discontinuation of herbal supplements during critical medication periods may be advisable. Implementing a standardized protocol for documenting and reporting adverse events related to plant-drug interactions can contribute to a growing body of knowledge (Shaman, 2024) . Collaboration among healthcare providers, pharmacists, and herbal medicine practitioners can enhance interaction management. Alternative treatment options or adjustment of medication schedules may help mitigate the potential risks. Regular follow-up and ongoing communication with patients are vital to ensure the effectiveness of the chosen management strategy and promptly address emerging concerns promptly (Ahmed & Tamim, 2025) . Dosage adjustments are a key aspect of managing plant-drug interactions, requiring careful consideration of individual patient factors, drug pharmacokinetics, and the specific herbal compounds involved. Healthcare providers may need to increase or decrease medication dosages based on observed interactions and closely monitor patients’ responses to achieve optimal therapeutic outcomes while minimizing adverse effects (Chaachouay, 2025) . As our understanding of plant-drug interactions continues to evolve, several promising avenues for future research and development emerge."

Future Directions
Improved screening methods for potential interactions
Plant-drug interactions mediated by cytochrome P450 enzymes have significant clinical implications, necessitating improved screening methods for potential interactions (Guengerich, 2024) . Future research should focus on developing high-throughput assays to rapidly identify the phytochemicals that modulate CYP450 activity. These assays can incorporate advanced technologies, such as microfluidics, organ-on-a-chip models, and artificial intelligence, to predict interactions more accurately (Kandel et al., 2024) . Metabolomic approaches can be employed to comprehensively analyze the effects of plant compounds on drug metabolism. Additionally, pharmacogenomic studies should be conducted to understand how genetic variations in CYP450 enzymes influence individual susceptibility to plant-drug interactions (Guttman & Kerem, 2022) . Improved in silico modeling techniques can help predict potential interactions based on chemical structures and molecular docking simulations (Zaroug et al., 2023) . Standardization of herbal product composition and quality control measures is crucial for obtaining consistent and reliable screening results. Clinical studies should be designed to evaluate the long-term effects of plant-drug interactions and their impact on therapeutic outcomes (Bernardo & Valentão, 2024) . Furthermore, developing a centralized database of known plant-drug interactions and their mechanisms would facilitate better risk assessment and patient counseling (Subih et al., 2025) . Education and awareness programs for healthcare professionals and the public regarding the potential risks of combining herbal products with conventional medications are essential. Collaborative efforts among pharmacologists, botanists, and clinicians can lead to more comprehensive and clinically relevant screening approaches, ultimately improving patient safety and therapeutic efficacy.

Development of predictive models
Plant-drug interactions mediated by cytochrome P450 enzymes have significant clinical implications, necessitating a comprehensive understanding of the mechanisms involved and development of predictive models for future research (Wang et al., 2022) . Common phytochemicals found in dietary supplements and herbal remedies can modulate CYP450 activity, leading to altered drug metabolism and potential adverse effects (Bathaei et al., 2024) . Future research should focus on the development of sophisticated predictive models that integrate multiple factors, including the chemical structures of phytochemicals, their concentrations in plant extracts, and their interactions with specific CYP450 isoforms (Zahid et al., 2024) . These models should incorporate machine learning algorithms and large-scale genomic data to improve their accuracy and predictive power (Bai et al., 2024) . Additionally, research efforts should aim to elucidate the complex interplay between multiple phytochemicals and their combined effects on CYP450 activity, as well as investigate the potential for personalized medicine approaches based on individual genetic variations in CYP450 enzymes (Zahid et al., 2024) . The development of high-throughput screening methods for identifying novel plant-drug interactions and the establishment of standardized protocols for assessing the safety and efficacy of herbal products in combination with conventional medications are crucial steps forward (Park et al., 2024) . Furthermore, future studies should explore the long-term effects of chronic exposure to phytochemicals on CYP450 expression and activity as well as investigate potential epigenetic modifications that may influence drug metabolism (Durairaj & Liu, 2025) . Ultimately, these advancements will contribute to improved patient safety, more effective therapeutic outcomes, and better understanding of the intricate relationships between plant-based compounds and pharmaceutical agents in the human body.

Personalized medicine approaches
Plant-drug interactions mediated by cytochrome P450 enzymes have significant clinical implications, particularly for personalized medicine. As the use of herbal supplements increases, understanding how phytochemicals modulate CYP450 activity is crucial. Future research should focus on the complex interplay between plant compounds and drug-metabolizing enzymes, considering genetic polymorphisms, environmental influences, and individual metabolic variabilities. Personalized medical approaches may involve developing comprehensive plant-drug interaction databases, incorporating genomic data to predict interaction susceptibility, and using advanced computational models to simulate metabolic processes. High-throughput screening methods to identify potential interactions and implement pharmacogenomic testing in clinical practice could enhance patient safety and treatment efficacy. Studies should explore the beneficial aspects of plant-drug interactions, such as using phytochemicals to enhance drug bioavailability or reduce side effects. Integrating traditional herbal medicine knowledge with modern scientific approaches may lead to the development of novel therapeutic strategies. A nuanced understanding of plant-drug interactions is essential for optimizing treatment outcomes, minimizing adverse effects, and tailoring interventions to individual patient profiles. This approach requires interdisciplinary collaboration among pharmacologists, geneticists, clinicians, and bioinformaticians to develop predictive models and clinical decision-support tools. Regulatory bodies may need to adapt guidelines to address plant-drug interaction complexities in personalized medicine, ensuring safety and efficacy in drug development and clinical practice. Future directions should also include investigating the role of the gut microbiota in plant-drug interactions, as the microbiome can significantly influence drug metabolism and bioavailability.

Conclusion
The modulation of cytochrome P450 (CYP450) enzymes by phytochemicals is a critical area of study in pharmacology and clinical medicine, with profound implications for drug efficacy and patient safety. This review highlights the diverse mechanisms through which phytochemicals such as flavonoids, polyphenols, alkaloids, and terpenes interact with CYP450 enzymes, including enzyme inhibition, induction, and alterations in gene expression. These interactions can significantly influence the pharmacokinetics of drugs, leading to either therapeutic failure or adverse effects, as exemplified by well-documented cases involving St. John's Wort, grapefruit juice, and garlic. The clinical relevance of these interactions underscores the need for heightened awareness between healthcare providers and patients. Variability in phytochemical content, the complex nature of herbal products, and individual genetic differences in CYP450 expression further complicate the prediction and management of plant-drug interactions. Addressing these challenges requires a multifaceted approach, including improved screening methods, predictive modeling, and personalized medicine strategies. Future research should prioritize the development of standardized protocols for assessing the phytochemical effects on CYP450 enzymes, as well as the integration of pharmacogenomic data to tailor therapeutic interventions. Interdisciplinary collaboration and continued education of healthcare professionals are essential for mitigating risks and optimizing treatment outcomes. By advancing our understanding of these interactions, we can enhance patient safety and pave the way for innovative therapeutic strategies that harness the potential of phytochemicals, while minimizing their risks.
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